The accumulation mechanism of methane hydrates has been a central issue in previous hydrate research regarding the Nankai accretionary prism, southwest of Japan. Expulsion of formation fluids is significant during the prism accretion process, and the migration of these methane-bearing fluids exerts a strong control on the accumulation of hydrates. Two types of fluid pathways, inter-granular porosity and faults, need to be evaluated to understand hydrate accumulation. Fluid migration along faults can be partly modeled by examining faulting activity. Our study modeled the accretion process by using two granular methods that approximated the geologic body as an assemblage of particles: (1) analog experiments using granular materials, and (2) a numerical simulation based on the distinct element method. The analog experiments closely reproduced the prism geometry observed in seismic profiles across the Nankai accretionary prism. Digital image correlation analysis indicated that the frontal thrust is generally active but older structures are also frequently reactivated. The numerical simulations produced prism geometries similar to those of the analog experiments. The velocity distributions of the particles showed evidence of episodic faulting and reactivation, but the internal stress field exhibited little change in the deeper part of the prism during deformation. The frequent and substantial changes in fault activity displayed by the models indicate episodic fluid flow along fault surfaces. Active frontal thrusting suggests that formation fluids generally migrate from deep within the prism to the deformation front, but may move along reactivated older faults. Inter-granular permeability also fluctuates, as it is controlled by temporal and spatial variations in the internal stress field. However, fluid flow is likely to be relatively stable in the deeper segment of the prism.
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Fluid flow and methane hydrates in accretionary prisms: an introduction
Vast quantities of methane hydrates are present in accretionary prisms around the world (Collett, 2002) . The distribution of hydrates has been examined through the regional development of bottom simulating reflections (BSRs) on seismic profiles (e.g., Aoki et al., 1983; Minshull and White, 1989; Davis et al., 1990; Ferguson et al., 1993; Delisle et al., 1998; Ashi et al., 2002; Baba and Yamada, 2004) . Allison and Boswell (2007) reported an estimated 400 Â 10 6 trillion cubic feet (TCF) of methane gas in hydrates worldwide, which is at least 2e10 times greater than the confirmed conventional natural-gas reserves. Industrial and scientific drilling projects have confirmed the presence of methane hydrates in accretionary prisms in the Middle American Trench (Kvenvolden and McDonald, 1985) , offshore Costa Rica (Shipboard Scientific Party Site 1041, 1997), the Cascadian margin, USA (Tréhu et al., 2003; Expedition 311 Scientists, 2005) , and the Nankai Trough (Taira et al., 1992; Matsumoto, 2002; Tsuji et al., 2005; Kinoshita et al., 2008) .
These studies have revealed many uncertainties regarding methane hydrates that require further examination. For example, although the existence of methane hydrates in accretionary prisms has been confirmed at several locations, the occurrence and accumulation of methane hydrate deposits are not fully understood. A recent geophysical investigation showed that the characteristics of BSRs in seismic profiles are strongly dependent on the method of data acquisition, in particular the type of seismic source used (Kamei et al., 2005) . Our understanding of the rock physics of hydrate reservoirs is still relatively simple, with a focus on the microscale (e.g., Dvorkin et al., 2000) , though efforts to measure flow velocities have been undertaken in a laboratory setting (e.g., Priest et al., 2005; Yun et al., 2005) . Accurate methods for the detection of hydrates and evaluation of their regional volumes have not been established to date, other than that used in a study in the eastern Nankai area (Japan Oil, Gas and Metals National Corporation (JOGMEC), 2011), as detailed below.
Depressurization appears promising as a production method for methane gas from hydrates. This follows significant success at the Mallik test site for continental natural-gas hydrates in the Mackenzie Delta in the northwestern Canadian Arctic (Research Consortium for Methane Hydrate Resources in Japan, 2008) . The methods for production of offshore hydrates are, however, still being examined exclusively in laboratories, except for one offshore experiment in the Nankai Trough (JOGMEC, 2011) .
Hydrate research has clarified several aspects of the formation and accumulation of methane hydrates. The formation of methane hydrates is primarily controlled by the chemical conditions of hydrate stability and methane solubility in the formation water (e.g., Claypool and Kaplan, 1974; Pecher et al., 1998; Clennell et al., 2000) . The gas hydrate stability zone (GHSZ) in ocean-floor sediments is located between the ocean floor and the maximum depth below the ocean floor at which gas hydrates are stable, as defined by temperature and pressure. In a typical accretionary prism, where heat flow is usually low (e.g., Yamano et al., 1982; Ashi et al., 2002) , the base of the GHSZ is a few hundred meters below the ocean floor. As accretionary prisms are tectonically active, pressure conditions are not always static, meaning that the depth of the base of the stability zone also fluctuates. For example, when sediments are uplifted by thrust movement, the base of the stability zone migrates upward due to the reduction in pore fluid pressure. This upward migration causes dissociation of hydrates at the former base of the GHSZ, and subsequent upward migration of the dissociated gas. The migrated dissociated gas then re-forms gas hydrates at the base of the new stability zonedthis may be the mechanism that causes methane hydrate concentration near the base of the stability zone (e.g., Bangs et al., 2005) . Actual methane hydrates are distributed in the gas hydrate occurrence zone (GHOZ) where the concentration of methane exceeds its solubility in the formation water (Tréhu et al., 2006) . This occurrence zone generally occupies the loweremiddle part of the stability zone.
Methane can be classified as biogenic or thermogenic, based on the processes by which it formed. Biogenic methane is generated by the biological activity of methane-producing bacteria in sediments at shallow depths below the ocean floor (Claypool and Kaplan, 1974) . The generation of thermogenic methane usually occurs in deeply buried sediments, typically greater than 2 km below the ocean floor (Tréhu et al., 2006) , and may be the result of the same processes that produce hydrocarbons in sedimentary basins (Hyndman and Davis, 1992) . Although the content of organic carbon in the accreting sediments is sometimes less than 1% (e.g., Nankai; Taira et al., 1992; Waseda, 1998) , BSRs can still be observed in such regions, suggesting some uncertainty in the generation mechanism of methane at convergent margins.
The two modes of methane generation suggest that the distribution patterns of biogenic and thermogenic methane hydrates are likely to be significantly different. Microbial methane can be generated wherever sediments contain organic carbon (Davie and Buffett, 2001) . The average concentration of biogenic methane hydrates is generally equivalent to a small percentage of the total porosity (e.g., Lorenson, 2000; Tréhu et al., 2004) , and such hydrates tend to accumulate near the base of the hydrate occurrence zone. In contrast, thermogenic methane migrates from deeply buried sediments along fluid pathways, driven by the advection of formation fluids. Thermogenic methane may be periodically expelled from the formation zone, and subsequently migrates to the GHOZ. Therefore, thermogenic methane hydrates are frequently concentrated in faults and high-permeability layers that form the migration pathways for the fluid. The concentration of hydrates in the GHOZ increases over time, as long as the 'petroleum system' of thermogenic methane generation and migration is maintained. The concentration of thermogenic methane hydrate is generally much higher than that of sparsely distributed biogenic methane hydrates. We suggest that these concentrated thermogenic hydrates are the best candidates for commercial methane hydrate exploration.
To clarify the accumulation mechanism of thermogenic methane hydrates in accretionary prisms, the migration of formation fluids needs to be examined in detail . The fluid pathways in accretionary prisms can be classified into two types: migration through inter-granular pore spaces, and migration along faults (Fig. 1) . Given that the accreted sediments are weakly consolidated, inter-granular porosity is expected to be extremely high (e.g., 61% recorded by Dugan and Flemings (2000) ). This is particularly significant in shallower sediments where fluid flows through inter-granular pore spaces. This type of fluid flow, called 'diffusive flow' , is primarily controlled by the stress field, including the overburden pressure, which affects the volume and geometry of the intergranular pore space. Fluid flow along faults, termed 'focused flow' , plays a more important role in deeper sediments, which are relatively consolidated and less permeable. The occurrence of focused fluid flow in accretionary prisms has been confirmed by isotope analysis, heat-flow measurements, and analyses of hydrates (e.g., Sample, 1996; Suess et al., 1999) . Fluid flow in accretionary prisms is a combination of these two flow types (Fig. 1) . In deeper parts of the prism, fluid expelled by the overburden pressure predominantly migrates along faults (focused flow). Most of the fluids then migrate to shallower horizons through inter-granular pore spaces (diffusive flow) to form hydrates in the occurrence zone.
Qualitative modeling of diffusive flow is possible through the use of conventional reservoir simulators, but no universal method has been established to model focused flow (Hickman et al., 1995; Wilkins and Naruk, 2007) . Sibson (1990) proposed a model of focused flow in which fluid flow occurs along a fault surface coeval with fault displacement, driven by the hydromechanical behavior of the fault. This fault-valve model requires a large amount of high- Figure 1 . Model of fluid flow within an accretionary prism (after Baba and Yamada, 2004) . The fluid pathways can be classified into two types: diffusive flow through inter-granular pore spaces, and focused flow along faults. The total fluid flow is the sum of these two types.
pressure fluid beneath a low-permeability seal during inter-seismic periods. Fluid is forced upward immediately after a faulting event as the seal is broken. An alternative model, established in the field of mining geology, suggests that impermeable barriers form along fault zones due to cementation and fracture healing. This is followed by episodic fracturing and subsequent enhancement of porosity and permeability during slippage events, producing intermittent fluctuations in fluid pressure (Sibson, 1992; Sleep and Blanpied, 1992; Byerlee, 1993) . A third model, proposed by researchers in the field of geomechanics, states that hydraulically conductive fractures are critically stressed in the in situ stress environment (Barton et al., 1995; Finkbeiner et al., 1997; Wiprut and Zoback, 2000) . This model can be successfully applied to crystalline basement rocks (Barton et al., 1995) , but its applicability to unconsolidated sedimentary rocks is unclear (Wilkins and Naruk, 2007) . Wilkins and Naruk (2007) argued that seismic slip causes transient dilation along the fault, which effectively enhances fluid migration, whereas aseismic slip does not significantly enhance fluid migration along the fault. According to this model, fault activity can be used to estimate the focused flow in prisms where dilation occurs along the fault.
This paper attempts to model the fluid flow in accretionary prisms for the purpose of methane hydrate exploration and production, and the model is applied to hydrates in the Nankai Trough area, southwest of Japan. We employed two methods in this study, both of which approximate the geologic body as an assemblage of particles: (1) analog experiments that use granular materials such as dry sand and microbeads, and (2) numerical simulations based on the distinct element method (DEM). Such simulation techniques are useful because the brittle deformation behavior of rocks can be suitably modeled by an assemblage of particles (McClay, 1990) while fulfilling the scaling theory of Hubbert (1937) . As the timescales of the structural deformation and fluid flow differ significantly, detailed examinations of the deformation process over a short timescale are vital to construct models of fluid flow along faults. We examined fault activity during prism formation in detail, using a combination of analog models with image correlation and numerical results employing shorter time steps. We also examined dilation along the fault surface using these two techniques.
Nankai accretionary prism and methane hydrates
The Nankai accretionary prism has been the subject of much geoscience research, in fields such as structural geology (e.g., Taira et al., 1988; Henry et al., 2002; Ujiie et al., 2003) , seismology (e.g., Ando, 1975; Hyndman et al., 1995; Tanioka and Satake, 2001) , and methane hydrate exploration (e.g., Baba and Yamada, 2004; Tsuji et al., 2004; Matsushima, 2005; Fujii et al., 2008) . At the Nankai Trough, the Philippine Sea Plate is subducting beneath the Eurasian Plate (Fig. 2a) at a rate of 4 cm/year in the direction of 310e315 (Seno et al., 1993) . The incoming sediments upon the basaltic oceanic crust consist of hemipelagic mudstone and turbiditic alternations of sandstone and mudstone derived from the island arc. A décollement (the plate boundary) is clearly identifiable within the hemipelagic mudstone (Fig. 2b ) as a reflection with reverse polarity (Moore et al., 1990; Bangs et al., 2004) . This reflective characteristic is generally produced by a sharp drop in the acoustic impedance of sediments, which is well correlated with a rapid decrease in bulk density at the top of the underthrust sediments, as reported by ODP scientific drilling (Moore et al., 2001) . The density decrease immediately beneath this horizon, without cementation in the sediments, suggests an elevation in the fluid pressure at the base of the décollement (Ujiie et al., 2003) . The décollement horizon can also be traced in the undeformed regions seaward of the deformation front (Fig. 2b) . Assuming that fluid sealing occurs along the décollement, the layer that forms the décollement may be predefined by the fluid permeability of incoming sediments prior to the initiation of displacement (Tsuji et al., 2005) . These observations provide support for the argument that deformation at Nankai is strongly influenced by fluid flow (e.g., Le Pichon et al., 1987; Moore, 1989; Henry et al., 2002) .
Methane hydrates (including those indicated by BSRs) in the Nankai Trough area are distributed in the forearc basin sediments and in the prism sediments, which are commonly deformed. Japan National Oil Corporation (JNOC) (1998) estimated the total volume of methane gas in the hydrates to be 1765 TCF based on the distribution of BSRs around the Japanese islands. Ashi et al. (2002) interpreted 2D seismic profiles and proposed several models for the production of BSRs in accretionary prisms. As discussed above, the key factor in the generation of strong BSRs is the process of hydrate recycling around the base of the hydrate stability zone (BHSZ), produced by a rise in the BHSZ due to tectonic uplift and erosion. Baba and Yamada (2004) also interpreted a dense 2D seismic dataset in the Nankai area, acquired for hydrocarbon exploration, and classified the BSRs into four major types: ridge, buried anticline, basin margin, and accretionary prism. All of these types are closely associated with methane migration to the BHSZ, thus emphasizing the significant role of formation fluids in methane hydrate accumulation.
JOGMEC conducted a drilling program for the exploration of methane hydrates in the forearc basin deposits at the eastern Nankai wedge, confirming the existence of hydrates in the intergranular pore spaces of turbidite sandstones (Matsumoto, 2002; Tsuji et al., 2004; Matsushima, 2005) . Fujii et al. (2008) examined well data, combined with 2D and 3D seismic profiles, and estimated 40 TCF of in situ methane gas stored as hydrates in the eastern Nankai region. Scientific drilling in the neighboring Kumano Basin area confirmed the extensive development of hydrates in turbidite sandstones (Kinoshita et al., 2008) . The hydrate reservoirs in these areas appear to be limited to particularly permeable segments of sandstones.
Methods

Geologic modeling of the Nankai accretionary prism
A reliable model of the Nankai accretionary prism must incorporate its characteristic features, including the detachment surface (décollement). Mechanical decoupling at the base of the décolle-ment may be due to an elevation in fluid pressure (Ujiie et al., 2003) , which reduces the stress normal to the décollement and therefore reduces friction. Cobbold et al. (2001) constructed an experimental apparatus that increased the fluid pressure in their thrust analog models, confirming that the increased pressure produced a decreased taper angle and widened fault spacing. These effects are similar to those noted in experiments that include a décollement with a lower internal friction coefficient; thus, lowfriction materials may be used to approximate the effects of elevated fluid pressure (Yamada et al., 2006a) . To produce the detachment surface in this study, we modeled sediments using granular materials with a low-friction layer.
To model the accretion process, we used a simple bulldozer style of horizontal shortening, which is widely used in previous studies (e.g., von Houne and Scholl, 1991) . There are two methods that can be used when conducting these types of experiments: pushing a rigid backstop from the rear, or pulling a sheet from beneath the materials. Schreurs et al. (2006) conducted a series of benchmark analog experiments comparing the two kinematic shortening methods, and found that the results were fundamentally the same, except for the boundary effects of side walls. In the present study, the latter method was used in analog experiments, and the former in numerical simulations (Fig. 3) , to ensure simplicity in the modeling and to obtain higher-resolution results.
Analog experiments
Physical experimentation using analog materials is a useful technique to visualize the geometry and deformation processes of accretionary prisms (see Malavieille, 1984; Mulugeta, 1988; Colletta et al., 1991; Liu et al., 1992; Mulugeta and Koyi, 1992; Gutscher et al., 1996; Storti et al., 1997 Storti et al., , 2000 ; also see Graveleau et al., 2012 for a thematic list of studies since 2000 that have employed experimental wedge models). In particular, experiments using dry sand can accurately model the typical deformation behavior of rock; i.e., an elasticefrictional plastic with strain-hardening preceding failure (at peak strength) followed by strain-softening until a dynamically constant shear load is reached (Lohrmann et al., 2003) . Such granular materials are therefore widely used to simulate geological structures (see Appendix A of Cobbold and Castro, 1999 for a thematic list of 'sandbox' references published up to 1998; also see Koyi and Mancktelow, 2001; McClay, 2003a,b, 2004; McClay, 2004; Yamada et al., 2005) .
The apparatus for the experiment was an acrylic box of 25 Â 150 Â 50 cm with a plastic sheet on the bottom (Fig. 3a) . We layered granular materials on top of the sheet, which was then pulled by an electric motor at a constant speed of 1.67 Â 10 À3 cm/s through a gap between the fixed base and a fixed endwall. The model was shortened by a total of 50 cm. We used dry cohesionless quartz sand and glass microbeads as the granular materials. The quartz sand was sourced from Toyoura Beach (Japan), has an average grain size of 200 mm, and is a popular material for physical tests in civil engineering in Japan. The spherical glass microbeads used were approximately 50 mm in diameter, and are considered a suitable analog for weaker layers (e.g., Lohrmann et al., 2003; Yamada et al., , 2006a . Our shearing tests showed that the internal frictional angles of the Toyoura sand and the microbeads were 34 and 25 , respectively, and both materials showed dilation (Yamada et al., 2006b) . A series of ring shear tests on these materials confirmed these results and showed that the cohesion of the Toyoura sand and the microbeads are ca. 130 and 40 Pa, respectively. Sand was glued to the surface of the sheet to avoid unnecessary slip, and this base layer was displaced during the experiments.
The thickness of the undeformed sediments above the décollement surface at the Nankai Trough is 400e800 m along the seismic line shown in Figure 2b , and 600e800 m at the NanTroSEIZE drilling site (Kinoshita et al., 2008) , approximately 200 km northeast of the seismic line. The material in the experiment was 3.0 cm thick, based on the thickness-to-length ratio of the natural accretionary prism, and the ratio of the length in the model to that in nature ranged from 3.8 Â 10 À5 to 7.5 Â 10 À5 . This value is within the range (10
) for which scaled models using granular materials can be used to accurately model brittle deformation of the upper crust (McClay, 1990) . The total length of horizontal shortening applied to the model corresponds to 6.7e13.0 km of shortening in the natural setting, equivalent to the amount of plate convergence over the past 1.7e3.4 Â 10 5 years (Seno et al., 1993) .
This study employed digital image correlation (DIC), which evaluates time-lapse digital photographs of the experiments and calculates the displacement field of the grains. The accuracy of the calculated displacement depends on the image region and the resolution of the digital camera (Wolf et al., 2003) . In this study, the pixel size is 0.0971 mm. Assuming a theoretical resolution of displacement of one-fortieth of this pixel size for an interrogation window size of 32 Â 32 pixels (La Vision, 2010) , this results in a resolution of 2.43 mm. DIC data can also extract the stickeslip motions of each fault in analog experiments, with a scaling factor of 10 5 e10
6 (Adam et al., 2005 ). The precise distributions of strain magnitude can then be derived using the calculated displacement field (Adam et al., 2005) . This technique is commonly used for dynamic flow analysis and soil mechanics (e.g., Hryciw et al., 1996) , but has also recently been applied to structural analog models (Wolf et al., 2003; Adam et al., 2005; Yamada et al., 2006a Yamada et al., , 2010 and is now recognized as an excellent tool for analyzing results from such models. This study uses shear strain only rather than any other type of strain.
Numerical simulations
We performed numerical simulations using the DEM employing discrete circular elements (Cundall and Strack, 1979) . In this method, linear elasticity (forceedisplacement law; Cundall and Strack, 1979 ) is incorporated through normal and shear forces at elemental contacts. Inter-element shear friction is determined by the normal force and a friction coefficient. The method consists of two steps in each calculation cycle (time step): evaluation of interaction forces for each element, and the movement of elements according to numerical integration, following Newton's equation of motion for the given external forces (Cundall and Strack, 1979) . Each element is rigid against deformation, in such a way that volume change, including dilation, is accommodated by the interelement porosity. This method can incorporate discontinuity surfaces without a priori information or parameters, which is the primary advantage of DEM over continuum methods such as finite element method (FEM). DEM is a relatively new technique but has been applied to the analysis of structural development processes (Saltzer and Pollard, 1992; Saltzer, 1993; Donze et al., 1994; Strayer and Suppe, 2002; Finch et al., 2003; Yamada et al., 2006a; Miyakawa et al., 2010) . The software employed in this study is the commercial program PFC2D (ITASCA Corporation, Minneapolis, USA).
As DEM can only determine the parameters related to the contact points of the elements, compression-test simulations were necessary to measure the physical properties of the bulk element assemblage. We conducted a series of bi-axial compression tests for a number of parameter combinations, and found one particle type, particle-A, had an internal frictional angle of 35 , while another particle type, particle-B, had an internal frictional angle of 25 . These values correspond to those of the sand and microbeads, respectively, used in the analog experiments. The friction coefficient between the wall and the particles was the same as that of particle-A throughout this study. The negligible cohesion (ca. 40e 130 Pa) of the analog modeling materials meant that initial cohesion and bonding between elements were not simulated. To avoid the formation of preferential weak planes in the initial arrangement of the element assemblage, we used a random variation for the diameter of each element in ranges of 12e30 m and 6e10 m for particle-A and particle-B, respectively.
The initial geometry of the particle assemblage was a 40,000 Â 1000 m rectangle, with a thickness of 900 m of particle-A and 100 m of particle-B (Fig. 3b) . A rigid wall pushed one side of the assemblage horizontally. There was no gap between the bottom of the moving wall and the fixed base. The displacement of 0.09 cm for each calculation cycle was determined, after a series of preliminary simulations, to be small enough to approximate the deformation as quasi-static. Using the simulation with these parameters required approximately 1.0 Â 10 7 calculation steps to generate the equivalent horizontal shortening applied during the analog experiments.
Results of analog experiments
Deformation geometry and DIC strain
The experiments produced typical wedge geometries with a series of foreland-verging thrusts that propagated upward from the microbead layer (Fig. 4) . Each thrust dips at 20 e35 and has an associated minor hinterland-verging backthrust. Each thruste backthrust pair delineates a characteristic triangular pop-up structure (McClay, 2004) . The surface slope of the wedge is 8 e9 , and the fault spacing of the frontal thrusts is approximately 9 cm at the deformation front, at which point the fixed backstop may have a small effect. Sand on the prism slope glided down into the toe of the prism and filled the trough. This caused thickness changes to the upper layers; i.e., thinning of the top sand layer (white layer in Fig. 4 ) and second sand layer (black layer) on the prism slope, and thickening in the trough (Fig. 4) . These patterns are consistent with the typical development of accretionary wedges.
From the shear strain distributions analyzed by the DIC technique, the detailed activity of the faults can be recognized (Fig. 4) . To produce horizontal shortening, the materials were displaced relative to the fixed wall in the analog models, and a moving wall pushed the particles in the numerical models. The difference in the shortening kinematics has no significant impact on the results, according to Schreurs et al. (2006) . Figure 4 . Results of the analog experiment, showing deformation geometry at every 5.0 cm step of horizontal shortening and shear strain distributions calculated with the digital image correlation (DIC) technique. The experiment produced a typical geometry of sequential thrusts accompanied by minor backthrusts, and an accretionary wedge inclined gently toward the deformation front. Reactivation of some older foreland-vergent thrusts can also be identified from the elevated shear strain. Surface gliding can be identified by the thinning of the top sand layers.
In this study, shear strain is defined as ð3 xy þ 3 yx Þ=2, where 3 xy ð3 yx Þ is a shear strain value that describes the gradient in x (y) deformation along the y (x) axis, and is therefore half of the total shear strain calculated for each 2.5 Â 10 À2 cm of shortening. The DIC results show that the model section can be divided into several coherent blocks, each of which has no internal shear strain, bounded by the faults where most of the shear strain is accommodated. After 1.0 cm of horizontal shortening, one foreland thrust and a minor backthrust can be observed in the deformation geometry (Fig. 4) . The shear strain distribution clearly shows that the distinct strain (in blue) in the model corresponds to the frontal thrust propagating from the microbead layer. The shear strain diagram also shows that the minor backthrust (in yellow) is located above the bend where the foreland thrust propagates from the horizontal microbead layer.
The section geometry after 6.0 cm of horizontal shortening shows that the frontal thrust is accompanied by several backthrusts and a hangingwall break-back thrust (Fig. 4) . The DIC shear strain diagram, however, shows that the activity of these faults has mostly ceased, and almost all strain is concentrated along the horizontal microbead layer (Fig. 4) . Such layer-parallel deformation cannot be identified without using the DIC technique.
The section geometry after 11.0, 16.0, 21.0 and 26.0 cm of shortening shows the sequential development of foreland thrusts that propagate upward from the horizontal microbead layer, and associated hangingwall folding (Fig. 4) . The DIC strain distributions show that shear strain is concentrated in the foreland thrusts and in the deeper horizontal segments, along the microbead layer (Fig. 4) . Strain along the foreland thrust is less than that on the horizontal segment where backthrust activity occurs (e.g., at 16.0 and 26.0 cm of shortening).
The section geometry after 31.0 cm of horizontal shortening can be regarded as a continuation of frontal-thrust displacement (Fig. 4) . However, the DIC strain diagram shows that the second major foreland thrust from the deformation front also produced shear strain, suggesting that this fault has been reactivated (Fig. 4) . The homogenous shear strain distribution along the second foreland thrust suggests that displacement along the fault is uniform during reactivation.
The section geometry and DIC strain distributions after 36.0, 41.0, and 46.0 cm of shortening show that deformation at these stages is primarily represented by displacement along the frontal thrust, with minor backthrust activity (Fig. 4) .
Detailed deformation styles
Analysis using the DIC technique demonstrates that, despite the simplicity of the thrust experiment, deformation shows considerable temporal and spatial variation. Figure 5 shows such an example of variation in displacement along thrust faults at each shortening step between 38.050 cm and 38.275 cm. Development of sequential foreland-verging thrusts and their associated backthrusts is evident in the raw image, but changes in deformation geometry are not detectable (Fig. 5) . However, the shear strain distribution produced using the DIC technique shows not only the detailed development of the frontal faults, but also reactivation of older thrusts (Fig. 5) . For example, the DIC detects major shear strain along the horizontal detachment and the frontal thrust after 38.050 cm of shortening, while shear strain along previous thrusts is negligible. After the model was shortened a further 0.025 cm, shear strain along previous thrusts increased, particularly in the third thrust from the front (Fig. 5) . At the same time, activity of hinterland-verging thrusts, such as backthrusts, also increased above the frontal and second foreland-verging thrusts. These results show that previous faults, including both foreland-and hinterland-verging thrusts, were reactivated simultaneously. The DIC also shows lower shear strain along the horizontal detachment below the second and third foreland-verging thrusts at this level of horizontal shortening (Fig. 5) . Reactivation of previous thrusts was significantly reduced with a further 0.025 cm of shortening (38.100 cm total shortening), and the shear strain distribution closely approximates that observed before the reactivation event (after 38.050 cm; Fig. 5 ). Further examples of short-lived reactivation of older thrusts were observed after shortening of 38.125, 38.175, and 38.250 cm. All of these reactivated thrusts became inactive after the model was shortened by a further 0.025 cm (Fig. 5) .
Results of numerical simulations
Deformation geometry, velocity, and interaction forces
The simulations produced a typical wedge geometry, with a series of thrust faults propagating upward from the basal detachment layer (Fig. 6) . At the deformation front, the foreland-vergent thrust was accompanied by a backthrust, forming a pop-up structure. However, activity on the backthrust ceased at an early stage, and only the foreland-vergent thrust continued to develop (Fig. 6 ). The remnants of backthrusts can be recognized by the asymmetric pop-up structures at the front of the thrust sheets. Surface gliding was also observed at each of the foreland-dipping surfaces adjacent to the frontal thrust, producing a thinning of the upper blue (in the web version) particles, and deposition of sediments from failure at the foot of the slope (Fig. 6) .
The velocity vectors, using the fixed base as a reference, show temporal and spatial variability throughout the evolution of the prism (Fig. 6 ). These vectors are calculated for a 0.09 cm displacement of the moving wall, and can be regarded as instantaneous values. Similar to the DIC velocity, temporal variations in faulting can be examined in detail from the velocity vectors. For example, a pop-up structure is actively formed at a very early stage in the simulation (after 90 m of horizontal shortening), but such a minor structure cannot be recognized in the deformation geometry (Fig. 6 ). After 2250 m of shortening, displacement occurs along the frontal thrust, accompanied by the development of a forelandverging thrust and backthrust pair in the 'undeformed region' (Fig. 6) . Such backthrusting in the undeformed region can also be found after 9000 m of shortening. Large velocity anomalies were observed in the deeper part of the prism and on the slope of the deformation front in every stage, but these were instantaneous phenomena that disappeared immediately.
The contact force diagrams show the variation in stress distributions during shortening (Fig. 6) . The direction of the maximum contact force is generally sub-horizontal or slightly inclined toward the deep part of the prism, but is vertical at the shallowest part of the anticline crests. Therefore, the stress field is different in the shallow (extensional) and deep (compressional) areas of the prism. The direction and magnitude of the contact force show temporal variations during shortening, but are of much lower magnitude than the velocity vectors. In particular, deeper segments of the faults are generally subject to strong horizontal compressive forces, and little variation is evident. The compressive force reaches 2.0e 4.0 km from the deformation front, despite no visible deformation occurring in this area.
Short-timescale deformation
To examine the temporal and spatial variations in velocity and contact forces, short-timescale deformation was analyzed in detail Figure 5 . Detailed deformation from the analog experiment, showing deformation geometry at every 0.025 cm step of horizontal shortening, and shear strain distributions calculated with the DIC technique. The shear strain (displacement) along the frontal thrust and the horizontal detachment is a feature evident in most of the steps. The DIC analysis also reveals reactivation of older frontal thrusts, corresponding to the shear strain (color change) along the fault. The frontal thrust was continuously active but inactive at 38.125 cm and 38.250 cm of shortening. Previously formed foreland-verging thrusts showed clear evidence of reactivation at these stages, but the activity was episodic. (Fig. 7) . The deformation geometry showed no clear change with each 0.9 m of horizontal shortening, other than subtle displacement of the frontal thrust (Fig. 7) . The velocity vectors, however, illustrate the complex nature of fault activity (Fig. 7) . The frontal thrust was active after 11,162.7 m of shortening, but the activity on the lower part of the thrust ceased after a further 0.9 m of shortening (i.e., at 11,163.6 m). The upper part of the thrust is identified by a velocity anomaly that is indicative of a faulting event, and this anomaly was not apparent at the next step (11,164.5 m). This faulting event propagated upward by shortcutting the hangingwall. The disturbance observed in the hangingwall of the shortcut fault may correspond to backthrusting. At the next step (11,165.4 m), the frontal thrust was active along its entire length but the displacement was not uniform, as identified by a gradual change in velocity. A previous thrust was associated with an anomalous velocity pattern in the deeper part of this fault, suggesting reactivation. Displacement along this fault ceased in the next calculation step (i.e., 11,166.3 m).
Surface gliding is another feature that can be observed, even in such short-timescale diagrams (Fig. 7) . A thin layer of 3e4 particles at the slope of the deformation front can be seen gliding down toward the foot of the slope. This gliding continued throughout the analysis, but the velocities of the surface particles show temporal and spatial variations.
The contact force diagrams show that the stress distributions in the particle assemblage are not significantly affected by fault activity (Fig. 7) . The overall direction of the maximum compressional force is generally horizontal or gently inclined toward the deep part of the prism, from the moving wall toward the fixed base. The uppermost particles show a subtle variation in contact force during shortening.
Discussion
Temporal variations in faulting and stresses
Results of both the analog experiments and numerical simulations show that faulting has spatial and temporal variations due to cycles of lock-up and reactivation. The analog experiments revealed that the activity of the frontal thrust significantly decreased during the initiation of a new frontal pop-up structure. The fault activity completely ceased (lock-up) for a relatively short time around 6.150, 14.275, 23.900, 32.750, and 42 .675 cm of shortening, corresponding to the steps at which new structures were initiated. Only the new faults were active for a short time afterward, then older thrusts experienced minor, but frequent, episodic reactivations. Shortening of 0.025 cm in the model was equivalent to 6e12 m in the natural setting. Based on the convergence rate estimated by Seno et al. (1993) , this corresponds to plate convergence over 150e 300 years. Therefore, the fault reactivations observed in the analog models suggest that episodic reactivations of fault activity in the Nankai accretionary prism occur over timescales of hundreds of Figure 6 . Results of the numerical simulation, showing deformation geometry for every 2250 m step of horizontal shortening, instantaneous velocity vectors at these steps, and contact force distributions between the particles. The simulations not only produced a typical wedge geometry with a series of thrust faults, but also showed slope failures at the prism slope, which resulted in thickness changes in the top layer. The velocity vectors use the fixed base as a reference, and are calculated for a 0.09 cm displacement of the moving wall. The vectors detect the initiation of pop-up structures in the undeformed region after 90 m and 9000 m of horizontal shortening, respectively. Large velocity anomalies can also be observed in the hangingwall of the frontal thrust, and on the slope of the deformation front. The interaction force diagrams show that the direction of the maximum contact forces is generally sub-horizontal or toward the lower right of the prism, but are vertical (i.e., extensional) at the crests of the anticlines. The compressive force extends to 2.0e 4.0 km from the deformation front.
years. Activity on the reactivated fault continued until a new frontal structure was initiated. Reactivation of pre-existing fault systems is therefore common, except during the period after initiation of a new frontal structure. Adam et al. (2005) reported similar fault reactivations in their analog experiments, showing that such reactivation happens when the frontal thrust has locked up. That is, reactivation in their models occurred for a shorter time than that in the present study. This difference may be a result of differences in the configuration of the models used. We inserted a microbead layer as the detachment layer, and this low-friction material was generally distributed along each fault surface as a result of fault displacement. This is because the lower part of the fault surfaces initiated as a part of the detachment fault within the microbead layer, and the material immediately above this part of the faults was entirely formed of these microbeads. These thin microbead layers may have reduced the friction along the faults and made reactivation easier. This is analogous to natural examples where faults maintain reduced friction for a relatively long time. Adam et al. (2005) used homogenous material, and used the top surface of the base plate of their apparatus as the detachment. This may correspond to natural examples where friction of the sequential foreland-verging thrusts is reduced significantly from initial values over a relatively short timescale.
The numerical simulations suggest that fault activity in an accretionary prism is complex during deformation over a short timescale. Displacement along the frontal thrust only occurs on parts of the fault surface, and is commonly episodic due to cycles of lock-up and reactivation. This may be closely related to frictional stickeslip behavior during faulting, similar to that described by Yamada et al. (2006a) . As the shortening intervals of 0.9 m presented in this paper correspond to plate convergence over a few decades (based on the convergence rate estimated by Seno et al. (1993) ), the simulation suggests such complex heterogeneity may also be observed in natural fault activity over an equally brief timescale.
In contrast, the stress field in the simulation seems to be relatively stable within the thrust sheets, even around faults during periods of lock-up. Such stable stress fields were also reported at the fault that caused the earthquake in the Kobe area, western Japan, in 1995. Stress-measurement experiments conducted at boreholes drilled through the fault surface revealed that the stress field recovered to its pre-earthquake state after 5 years (Tadokoro and Ando, 2002) . Returning to the present study, temporal variations in the stress field may be more significant in the shallow regions where hangingwall anticlines are developing. The contact force diagrams show that the magnitude of the force is minor, and the direction is perpendicular to the surface at the crest of the anticlines (Figs. 6 and 7) . This is presumably due to the effects of outer-arc extension, which reduces lateral compression. Such stress states in anticlines may frequently fluctuate through the episodic development of folds, caused by cyclic displacement of the underlying thrust and topographic effects that result in surface gliding. . Short-timescale deformations observed in the numerical simulation, showing deformation geometry, velocity vectors, and contact force distributions for each 0.9 m of horizontal shortening. The deformation geometry shows no clear change, but the velocity vectors reveal reactivation of the frontal thrust. The frontal thrust was active after 11,162.7 m of shortening, but the activity on the lower part of the thrust ceased at 11,163.6 m. The upper part of the thrust contains a velocity anomaly that is indicative of faulting; this anomaly disappeared at the next step (11,164.5 m). The frontal thrust was active along almost its entire length during the next step (11,165.4 m), although the displacement along thrust was not uniform. Surface gliding continued throughout the simulation, moving a few particles at the slope of the deformation front. The contact force diagrams show that the overall direction of maximum compressional force is generally toward the lower right, and is not significantly affected by fault activity.
Surface gliding
The analog experiments showed that the activity of the frontal thrust generated surface gliding on the adjacent foreland-dipping surface. Deposits from slope failure are generally sheared during the gliding process, and therefore usually exhibit higher porosity than undisturbed sediments. Given that they are captured in the accretionary prism by the displacement of the frontal thrust and by backthrusts of consequent foreland-verging frontal thrusts in the later stages, their distribution may play an import role in controlling fluid flow in accretionary prisms. Yamada et al. (2010 Yamada et al. ( , 2012 conducted analog shortening experiments and reported that surface gliding is active over the area that the underlying thrust displaces. This study shows that pre-existing thrust systems also reactivate; thus, surface gliding could also occur along slopes above such reactivated faults. The dip of the slopes is generally gentler than that associated with the frontal thrust, due to rotation of the hangingwall by frontal-thrust displacement. The potential to cause surface gliding is therefore lower than that for the slope above the frontal thrust.
The numerical simulations showed that activity of the frontal thrust is unclear at its shallowest part, due to disturbance from surface gliding. As noted in the analog experiments, this surface gliding is only seen at the foreland-dipping surface adjacent to the thrust, and may be triggered by thrust activity in the near-surface area. The lack of a clear discontinuity at the base of such surface gliding, and the gradual change in the velocity vectors of the surface particles, suggest that the gliding body is sheared as a whole, and includes a number of microscale shear planes.
Dilation along faults in models
The materials used in this study exhibit dilation along shear planes. Yamada et al. (2006b) conducted a series of shear-box (2 cm height) tests and reported that the Toyoura sand and microbeads showed 0.2e0.6% (0.04e0.12 mm) and 0.15e0.30% (0.03e0.06 mm) porosity (height) increase, respectively. The materials were sifted in both the box tests and analog experiments, meaning that they may show similar deformation behaviors. The particles in the simulation models also experienced dilation during shearing. Miyakawa et al. (2006) conducted 3D DEM simulations to produce simple accretionary wedges, and measured the bulk porosity of serially produced cubes in the numerical models. The porosity of thrust surfaces in the model increased by 5e10% from the intact state, and permeability increased by 20e100%. Such dilatational characteristics of the materials agree with the strain-softening behavior observed during the shearing tests, and may favor reactivation of the thrusts.
Implications for fluid flow within prisms
The results of modeling showed that the frontal thrust is generally active. As the frontal thrust is generated by branching from the décollement, this implies that formation fluids can generally migrate from depth to the frontal thrust along the décollement surface. Such fluid migration to the frontal thrust has been reported by heat-flow studies in natural accretionary prisms, as higher temperature fluids are present at greater depths due to the geothermal gradient. Ashi et al. (2002) reported that heat flow, estimated from BSR depth, increases toward the trench in the western Nankai area. A trenchward increase in heat flow has also been reported in Barbados (Ferguson et al., 1993) , the Cascadia Margin (Hyndman et al., 1993) , and Sulawesi (Delisle et al., 1998) , suggesting that migration of warm fluids from depth to the frontal thrusts is a common process in accretionary prisms. Fluid migration from depth has also been reported at ODP site 808 near the toe of the Nankai prism off Muroto, where transport of exotic pore waters from depth has been confirmed by down-hole mineralogy, isotopic ratios, and chloride concentrations Underwood et al., 1993) . Rowe et al. (2012) employed coupled numerical methods of deformation and fluid flow, and argued that excess pore pressure beneath the frontal thrust plays a significant role in defining the location of deformation. Even though the models presented in this paper do not include the effects of pore pressure, the frontal thrusts are generally accompanied by deposits related to surface gliding in the footwall. These deposits are likely to have higher porosity than the surrounding prism body, and could behave as weaker sediments in the presence of elevated fluid pressure.
The results of modeling also showed that older thrusts are commonly reactivated, which suggests that formation fluids may move along older, weaker structures. This is consistent with the BSR pattern at Hydrate Ridge, off Oregon, and Makran margin, off Pakistan, where BSRs tend to be shallow and adjacent to thrust faults in the prism sediments (Minshull and White, 1989; Zwart et al., 1996) . Such localized and shallow BSRs strongly suggest that anomalous warm fluid migrates along thrust surfaces.
Temporal and spatial variations in faulting and in the stress field during prism development, observed in both the analog and numerical models, suggest that fluctuations in fluid flow may be controlled by these variations. Episodic faulting and reactivation of pre-existing thrusts suggest that focused fluid flow along fault surfaces is also episodic.
The internal stress field causes significant fluctuations in intergranular permeability. Results of the numerical simulations suggest that the stress field at depth is characterized by strong horizontal compression, and is relatively stable. In the shallower segment, however, the stress field causes horizontal extension and shows more frequent variability. This suggests that fluid flow is relatively stable in the deeper segment of the prism, but fluctuates in the shallower segment. Fig. 8 shows our revised fluid flow model based on the modeling undertaken during this study. Fluid flow in accretionary prisms may generally be focused along the décollement and the frontal thrust, as these faults are frequently active (Fig. 8a) . In comparison, fluids within the shallow part of the prism migrate further into the surrounding permeable sediments by diffusive flow (Fig. 8a) . The non-uniform displacement of the frontal thrust, identified in the numerical simulations described above, suggests that the frontal thrust may be partly sealed in certain areas, contributing to diffusive flow within the surrounding sediments. Inactive parts of the frontal thrust may cause deeply sourced fluids to use other reactivated faults as pathways before then migrating into the surrounding sediments (Fig. 8b) . Such variation in fluid flow may contribute to the long-time formation of widely distributed BSRs within accretionary prisms (Fig. 8c) .
Implications for episodic transport of economic hydrocarbons within thrust belts
The fluid flow model presented here is applicable to hydrocarbon migration within fold-and-thrust belts, primarily as the tectonic environment of these belts is similar to that of accretionary prisms. Our model suggests that formation fluids generally migrate from depth to the frontal thrust through the basal detachment surface, with temporal and spatial variations caused by fluctuations in faulting and stress fields. Episodic reactivation of older thrusts within the models presented here indicates that formation fluids may episodically shortcut along older structures within these thrust belts. This means that internal stress-fieldcontrolled fluid flow through inter-granular pore spaces is likely to be relatively stable at depth, but will fluctuate in shallower regions.
Effects of particle size
This study approximates the geologic body as an assemblage of particles, the diameters of which would be several meters when scaled to the actual size of the Nankai prism. At a 1:1 scale, the grains of sand and microbeads used in the experiments would be 8e15 and 2e4 m, respectively, while the size of particle-A and particle-B in the simulations corresponds to 12e30 and 6e10 m, respectively. Although such large particle sizes are not equivalent to those of the natural setting, previous use of 'sandbox' experiments, and their application to natural structures, suggests that this approximation is valid. The particle size, however, may affect the model results, especially the magnitude of internal forces. Given that forces propagate through the contact points of each particle, contact force tends to concentrate in larger particles, meaning that the magnitude of forces recorded may be controlled by particle size. The contact force diagrams derived from the numerical model suggest that the force above the basal detachment layer is greater than the force in the basal layer (Figs. 6 and 7) . The magnitude of the contact forces may be reduced by the smaller size (i.e., increased number) of particles in the detachment layer, if the layer thickness of the detachment is constant.
The particle size may not significantly affect the velocity distributions in the analog and numerical modeling presented in this paper. As described earlier, the DIC results obtained from the analog experiments indicate that the model section can be divided into several coherent blocks, with each block having no internal shear strain. That means that the particles do not displace independently but behave as part of a larger block, indicating that velocity differences between two adjacent blocks are independent of the size of the particles involved. We admit that the particle size influences the width of faults, as shear zones within loose granular materials are generally a few particles thick (e.g., Mandl et al., 1977) . This indicates that shear strain values determined by velocity differences (relative displacement between the two adjacent blocks) and fault widths are affected by changes in particle size. It is because of this variation with particle size that we have focused on the qualitative distribution of strain, rather than discussing strain values in detail.
Physical implications of particle models
The particle models show that deformation of a natural geologic body can be modeled by a combination of the rotation of virtual rigid bodies of a few meters diameter, and slip at the boundaries of virtual rigid bodies.
Natural geology generally includes a significant number of faults, and the overall style of deformation produced by the faults may be represented by displacement in a number of smaller faults over a short distance. These faults act as boundaries, delineating blocks that can be considered rigid when modeling mesoscale deformation. Natural folding can also be modeled by using the sum of minor slip motions at the boundaries between the virtual bodies in a model. This is made possible by recent advancements in simulation technology for fluid dynamics, including LBM (Lattice Boltzmann Method; e.g., Succi (2001) ), in which a fluid is modeled as an assemblage of virtual particles. This method also allows particle flow in models to approximate natural fluid flow.
Conclusions
The mechanism for the accumulation of methane hydrates at the Nankai prism is strongly controlled by the migration pathways of formation fluid along faults and through inter-granular pore spaces. This study examined these processes using analog and numerical models, and the results suggest that fluid flow along fault surfaces may be discontinuous, but formation fluids generally migrate to the deformation front. Pre-existing faults can also be conduits for transporting formation fluids from depth, except during periods where the frontal thrust is actively developing. Inter-granular permeability may fluctuate due to variations in the internal stress field, but fluid flow is likely to be stable in the deeper segment of the prism. This research proposes a model for the dynamic nature of prism deformation and fluid flow, which provides fundamental knowledge that can be used to explore methane hydrates at convergent margins. This model can also be applied to hydrocarbon migration in fold-and-thrust belts.
